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ABSTRACT
The Effect of Optogenetic Manipulation of SS interneurons within Malformed,
Epileptogenic Cortex
By Nicole Ekanem
A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science
in Anatomy and Neurobiology at Virginia Commonwealth University
Virginia Commonwealth University, 2015.
Advisor: Kimberle M Jacobs, Ph.D.
Associate Professor, Department of Anatomy and Neurobiology

A large percentage of individuals with intractable epilepsies have an accompanying
cortical malformation, the underlying cellular mechanisms of which are poorly understood. It is
known however that in an animal model for one such malformation, polymicrogyria,
epileptogenesis occurs most easily from an adjacent area termed the paramicrogyral region
(PMR). Previous studies implicate SS interneurons as a potential contributor to this pathology,
which lead to our hypothesis: in PMR, SS interneurons exert a higher modulatory influence on
excitatory pyramidal cells, as compared to the same by SS interneurons within homologous
control cortex.
Using a freeze-lesion model for polymicrogyria in transgenic mice that selectively
express either Channelrhodopsin or Archaerhodopsin optogenetic channels in these cells, we
assessed the contribution of SS interneurons as it potentially differs between layer V of PMR and
control cortex. These studies provided the following biological examples in support of previous
extrapolations that indicate SS over-activation within PMR: (1) SS interneuron mediated
evocation of inhibitory events in layer V excitatory neurons is more robust in PMR than in

control. Similarly, electrically-evoked inhibitory events in these excitatory neurons trend towards
being larger, signifying a larger contribution by interneurons. (2) SS interneuron mediated
suppression of electrically-evoked responses trends towards being stronger in PMR; and (3) the
selective silencing of SS interneurons might not impart an effect on spontaneous inhibitory
postsynaptic events.
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Chapter 1

Introduction to Epilepsy, Interneurons, and Optogenetics

1.1 Epilepsy
Epilepsy, previously classified through folklore as a sign of a divine religious experience
or demonic possession, has since lost its “sacred quality” through slow discovery that has
steadily revealed more about its clinical nature (Eadie and Bladin 2001). From its earliest known
reference in the ancient Babylonian medical text, Sakikku (Eadie and Bladin 2001), all the way to
John Hughlings Jackson and his seminal epilepsy research in the mid-1800s (Balcells 1999),
epilepsy is now defined as a grouping of neurological disorders characterized symptomatically
by recurrent and spontaneous epileptic seizures. At the time of this writing, a number of different
epilepsies of genetic or acquired etiologies have been characterized and explicated (Bladin et al.
2000; Frey 2003; Hayashi et al. 2002; Sedel et al. 2007); however, many individuals are still
spate with epilepsies that are poorly understood and consequently unmanageable, despite
diagnostic and treatment advancements (Schuele and Luders 2008). Undoubtedly, there is still
very much to be revealed about this syndrome and its underlying mechanisms.
Symptomatically, epilepsy can be debilitating. As briefly stated above, individuals with
this disorder experience multiple, recurrent, and spontaneous seizures, the clinical representation
of excessive and hypersynchronous neuronal firing. An epileptic seizure can take many forms,
the severity and type of which depend on location and spread of neural area exhibiting this
pathological synchronicity. Two seizure categories have been instituted by the Commission on
Classification and Terminology of the International League against Epilepsy (Epilepsia 1989).
3

The first, partial seizures, comprise abnormal neuronal activity restricted to a focal region of the
brain. Symptoms, thereby, may involve a specific motor or sensory experience, occurring in the
absence of proper external stimulus. The second generalized seizures, may yield a more severe
presentation as both hemispheres tend to be involved—loss of consciousness, and abnormal
postural muscle tone fall under this category; patients may even collapse upon the generation of
this type of seizure.
With relatively high world-wide prevalence (7%; World Health Organization website,
www.who.int/en) and a high proportional incidence in patients during the extremes of life
(neonatal and post 70 years of age; Hauser 1998), the importance of clinical and basic science
research in this field is clear. In fact, because of modern diagnostic techniques, numerous and
diverse etiologies for these disorders have been identified. These include: genetic predisposition,
traumatic brain injury, tumor, congenital disease, infectious disease of the central nervous system
(CNS) and developmental malformations (Bladin et al. 2000; Berkovic et al. 2006; Jallon et al.
2001; Leventer et al. 2008; Mirski and Varelas 2008). Developmental malformations typically
result in abnormal cortical lamination, also called cortical dysplasia. These are of particular
interest since they previously went unrecognized prior to the development of modern imaging
techniques (Barkovich et al. 1999; Hayashi et al. 2002; Lim et al. 2005; Takanashi et al. 2006).

1.2 Intractable nature of some epilepsies and introduction to cortical malformations
Currently available treatment options are sufficient to alleviate symptoms for the majority
of individuals with epilepsy. Antiepileptic drugs (AEDs), the most commonly used, however, do
not offer relief for 30-40% of total patients (Kwan and Brodie 2006). Of this long-suffering
group, many of whom express an epilepsy etiologically tied to a cortical malformation (Guerrini
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and Carrozzo 2002), alternative non-pharmacological interventions, such as vagal nerve
stimulation and ketogenic diets, are only effective in a small minority (Dua et al. 2005). Surgical
resection is an additional option for individuals within this etiologic group when the seizure
origin is focally restricted to one hemisphere, clearly differentiated from eloquent cortex, and not
complicated by additional hindrances (Blumcke et al. 2009; Sisodiya 2000). Even so, symptoms
return in about 40% of these individuals (Sisodiya 2000). This phenomenon is attributed mainly
to limited electroencephalography (EEG) and electrocorticography (ECoG, intracranial EEG)
spatial resolution which impedes a physician’s ability to accurately delineate the epileptogenic,
or seizure originating region, not to mention the potential for widespread, epilepsy-promoting
abnormalities extending beyond the aforementioned locus (Sisodiya 2000). Polymicrogyria is an
example of an epilepsy-promoting cortical malformation that has limited potential for both AED
intervention and symptom amelioration after surgical resection (Sisodiya 2004).
Developmental malformations, as a class, are a common cause of intractable epilepsies,
especially in children (Flint and Kriegstein 1997; Wyllie 2000). Abnormalities of development
such as this may result from errors that occur any time during the development of the CNS.
Errors too early may inhibit the generation of cells, or cause too many cells to die, while
disruptions occurring at later stages may result in improper migration of cells (Barkovich and
Kjos 1992; Guerrini et al. 2003).
These are just a few examples in a sundry of different varieties, spanning a vast array of
severities and inducing factors. This writing will focus on polymicrogyria, a type of
developmental malformation, and its epilepsy-promoting characteristics.
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1.3 Polymicrogyria
One of the more common cortical dysplasias, polymicrogyria, is identifiable through
magnetic resonance imaging of characteristic disproportionate and abnormally small cortical
gyrations on the surface of the brain, lending it an irregular, bumpy appearance (Barkovich 2010;
Sisodiya 2004). It is produced by a specifically timed error or disruption in cortical development.
The inciting disruption can be varied, but may involve a genetic mutation (Lee et al. 1997), be
acquired in utero via ischemic (Barkovich 2010; Dvorak and Feit 1977) or infectious insult
(Montenegro et al. 2002), or even by abdominal trauma during pregnancy (Montenegro et al.
2002). Recent momentum in the advancement of medical imaging has etiologically linked this
malformation with epilepsies previously considered idiopathic (Barkovich and Kjos 1992);
Hauser 1998; Lim et al. 2005; Takanashi et al. 2006).
This malformation type has two defined histological presentations. The first, unlayered
polymicrogyria, is caused by an early disruption of neuronal migration—early, relative to the
timing that induces the second histological type. This malformation presents with an external
molecular layer that does not follow the normal pattern of convolutions, overtop a region of
underlying neurons that lack laminar organization (Guerrini and Carrozzo 2002). The second
type, four-layered polymicrogyria, follows an insult that occurs between the 20th and 24th week
of gestation (Guerrini and Carrozzo 2002). As per its name, this type presents as a focal 4layered region, which contrasts with typical 6-layered neocortex (Guerrini and Filippi 2005).
Given the presence of intracortical laminar necrosis within these malformations (Guerrini and
Filippi 2005; Montenegro et al. 2002), it has been inferred that an inciting event, such as in utero
ischemia during the aforementioned time windows, will generate such dysplasias by causing the
death of deep cortical layers. At this stage, since the brain is developing inside-out (layers deep
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to pia forming before superficial) an insult during migration will effectively remove deep layers;
superficially directed layers migrate into that space heterotopically (Rakic and Lombroso 1998).
As revealed by Jacobs et al. in 1999, the epileptogenic, or seizure-initiating site in a
patient with this type of malformation might not always solely involve the visibly lesioned tissue
itself, but rather extend beyond and involve the cortical area adjacent to it (Chassoux et al. 2008;
Jacobs et al. 1999a). This confounds the ability to assign boundaries to and surgically resect the
seizure-initiating areas to success, since the epileptogenic portions of cortex surrounding the
obvious malformation otherwise appear to be eloquent cortex (Araujo et al. 2006; Chassoux et al.
2008). Additionally, neurons within the malformation proper have been shown to activate during
the induction of motor activity and language (in individuals where polymicrogyric cortex was
within areas corresponding to the motor strip or Broca’s area, respectively; Araujo et al. 2006).
Such functionality hinders surgical success even further as removal of these areas without careful
functional planning could prompt the development of new symptoms in a patient (Araujo et al.
2006).
Pinpointing an alternative treatment target for individuals with this malformation is
essential, as many of them live ensnared by its many clinical manifestations, which can include:
severe encephalopathy, cognitive impairments, spastic paresis, and as mentioned, intractable
seizures (Araujo et al. 2006; Guerrini and Carrozzo 2002). Work in this correspondence will
utilize an animal model of human polymicrogyria to study epilepsy-promoting cellular
mechanisms within epileptogenic areas adjacent to microgyric tissue, which at the time of this
writing, still remain poorly understood.
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1.4 Animal model of microgyria
1.4.1 Background and freeze-lesion methodology
In the late 70s, the Dvorak lab developed an animal model that produces, in rodents,
similar histopathology expressed by human four-layered polymicrogyria (Dvorak and Feit 1977;
Dvorak et al. 1978). Their methodology calls for the placement of a freezing probe (-100˚C) onto
the skull of a neonatal rat pup for a duration of one to two and a half seconds, creating a
transcranial ischemic lesion (Dvorak and Feit 1977; Dvorak et al. 1978). Rats are born at a
developmental stage equivalent to the 18th to 24th gestational week in humans, a developmental
phase during which cortical neuroblast migration is taking place (Dvorak and Feit 1977;
Humphreys et al. 1991). Neuronal migration, occurring in a deep to superficial stereotype, is not
complete at this juncture; therefore, contact freezing during this period will thrombose blood
vessels and cause the necrosis of neurons present on the cortical plate, which at this period of
cortical development, comprise layers IV, V, and VIa (Dvorak and Feit 1977). Migration of
superficially-intended neuroblasts and capillaries will continue, resulting in a focal microgyric
region of dyslaminated cortex containing four layers, instead the six typically seen in neocortex
(Dvorak and Feit 1977). This focal region occupies about one to four millimeters coronally if
induced by a 2 X 5 millimeter rectangular freezing probe. The generated microgyrus possesses a
superficial aspect, denoted with Arabic numerals (Jacobs et al. 1999b) as layers 1 and 2. Layers 1
and 2 are anatomically similar to normal neocortical layers I and II/III and are continuous with
them, respectively (Crome 1952; de Leon 1972; Dvorak and Feit 1977; Humphreys et al. 1991;
Jacobs et al. 1996; Rosen et al. 1996). Layer 3 is thin with a small population of glia-resembling
cells with small somata (Dvorak and Feit 1977) that terminates abruptly at the site where
microgyrus and adjacent six-layered cortex meet (Crome 1952; de Leon 1972). Layer 4 is similar
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to and often contiguous with layer IVb of normal cortex (Crome 1952; de Leon 1972; Dvorak et
al. 1978 ; Jacobs et al. 1996).
The timing of lesion induction is critical for the maintenance of this model. Jacobs et al.
demonstrated that rats lesioned at postnatal day (P) 1 consistently exhibit hyperexcitability, a
critical component in epileptogenesis, well into adulthood. Animals lesioned earlier at P0
displayed a decreased incidence in epileptiform responses following age P40 (Jacobs et al.
1999a). Similarly, Kellinghaus et al. found no difference in the amount of cortical excitability in
adult (P60) rats that were lesioned at P0 compared to non-lesioned rats of that same age
(Kellinghaus et al. 2007). Evidently, a lesion induced too early in cortical development results in
amelioration of the generated pathology with time. Further, Dvorak et al. demonstrated that this
same lesion performed on rats at P4 would not induce a microgyric malformation, once again
adding credence to the time-specificity, or critical period, required for an inciting error to result
in anomalous layering (Dvorak et al. 1978).
Freeze-lesioned rats are not known to experience spontaneous seizures, but are prone to
exhibit epileptiform activity associated with the induced microgyrus (Barkovich and Kjos 1992;
Jacobs et al. 1999a; Scantlebury et al. 2004). The occurrence of epileptiform activity within
slices from these animals has been demonstrated consistently and reproducibly at P12, a
developmental age wherein neural development is similar to that in humans at birth.
Correspondingly, polymicrogyria-associated seizures may begin in newborns at birth or be
delayed for years (Fasulo et al. 2012; Pascual-Castroviejo et al. 2001). Epileptiform activity itself
is generated from a cortical expanse directly adjacent to the microgyrus proper, termed the
paramicrogyral region (PMR; Jacobs et al. 1996). This hyperexcitable area offers researchers a
unique and helpful perspective, allowing for suitable evaluation of the hyperexcitable brain’s
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proclivity to induce seizure. As will be discussed in more detail below, the onset timings of
hyperexcitability and epileptogenicity within this region are delayed and staggered. Researchers
can study the PMR to reveal particular alterations that might occur before the area becomes
hyperexcitable, and similarly, before epileptogenesis. Therefore, this animal model, wherein
rodents are freeze lesioned at P1 is an accepted and robust method for the study of the
epileptogenic mechanisms inherent to human polymicrogyria.
Studies in this communication will take place within epileptogenic PMR, since this area,
being sensitive to the generation of epileptiform activity, is an advantageous place to look for
epileptogenic mechanisms. Cellular and subcellular characteristics of the model, as they pertain
to the induction of epileptiform activity, will be delineated in the following sections.

1.4.2 Cellular and sub-cellular characteristics of freeze-lesion model
Studies focused on identifying the cellular characteristics inherent to this freeze-lesion
model have revealed that neurons within the microgyrus are not generated in response to the
lesion (Rosen et al. 1996), but instead, are prenatally generated, and migrate through or around
the damaged area to reach their final station. One study demonstrated that cell-dense layer 2
within the microgyrus contains neurons generated between embryonic days 17 through 20, which
would normally end up occupying layers III and IV in eloquent neocortex (Rosen et al. 1996).
Neurons formed earlier at embryonic day 15 were not found in the microgyrus; a significant find,
since these neurons would have inhabited the deep neocortical layers (Dvorak and Feit 1977;
Rosen et al. 1996). This is consistent with this model’s mechanism of ischemia-induced cell
death selective to deep-layer neurons. Nissl staining of sections taken from rats aged P21 and
P60 demonstrate that local neurons are morphologically normal within these areas, while glial
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fibrillary acidic protein and glutamate staining reveal widespread disorder of neocortical
architecture (Humphreys et al. 1991). Neurofilament staining is scarce within the microgyrus,
but overabundant in the PMR, as compared to homologous control (Humphreys et al. 1991). This
suggests the potential for the preservation of excitatory processes, originally aimed at the
microgyrus, that would otherwise have been eliminated given the loss of their intended
destination (Jacobs et al. 1999; Humphreys et al. 1991). Further, it has been suggested that the
cortical region containing the microgyria proper is ‘dysmature’ or delayed developmentally, as
indicated by the persistence of elements that are typically eliminated early in non-injured cortex
(Cepeda et al. 2006). One example of this are normally transitory Cajal-Retzius cells, which are
present in P12 rat PMR cortex, but absent in control tissue by this postnatal age (Super et al.
1997). Additionally, fibers resembling radial glia have been observed within lesioned cortex up
to the fifth postnatal week; in non-injured cortex, these elements are not present by this point in
development (Rosen et al. 1992).
This model also prompts numerous subcellular alterations, primarily involving receptor
subunit expression. In regard to inhibitory GABAA receptor expression, two of its subunits, α2
and α3, are normally considered premature and replaced in the second postnatal week with α1 or
α4 (Laurie et al. 1992). Immunohistochemical staining for individual GABAA receptor subunits
medial and lateral to freeze-lesioned microgyrus by Redecker et al, revealed a decrease in all
subunits, except for α3, again, known to decrease in expression as development ensues
(Redecker et al. 2000). Another group demonstrated similarly that (premature) α2 and α3 subunit
expression persists within PMR, at the expense of α1 (Defazio and Hablitz 1999). This may be a
contributing factor to another observed phenomenon where decreased binding to GABAA
receptors occurs in regions of cortex surrounding the lesion (PMR), with binding levels reaching
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normalcy outside of this range (Zilles et al. 1998). Taken together, these findings suggest not
only that there is altered expression of inhibitory GABAA receptor within freeze-lesion induced
PMR, but that there may also be reduced receptor density.
Excitatory glutamate receptors also appear to be changed in this model. For instance,
increases in AMPA and kainite receptor binding have been demonstrated (Zilles et al. 1998) and
enhanced functioning of NR2B subunit containing NMDA receptors has been demonstrated
(Defazio and Hablitz 2000). Persistence of NR2B subunit, typically expressed in the embryonic
brain, also supports previous claims of a dysmature (Cepeda et al. 2006) microgyral cortex.

1.4.3 Altered anatomical and functional connectivity and introduction to hyperexcitability
Anatomical connectivity to, within, and from microgyria and adjacent PMR have been
demonstrated via the injection of neuronal tracers into the microgyrus proper, ipsilateral and
contralateral homotopic regions in control brain, and thalamus (Giannetti et al. 1999; Giannetti et
al. 2000). Studies of this nature disclose that local pyramidal cell afferents and commissural
fibers are organized abnormally within microgyrus and around it in corresponding PMR
(Giannetti et al. 2000). Additionally, some thalamic nuclei as well as efferent thalamocortical
fibers from them, undergo important alterations. One particular thalamic site, the ventrobasal
complex (VB), which normally conveys direct connections to the somatosensory cortex, has
fewer neurons in animals with a lesion in this region (Rosen et al. 2006). It seems the presence of
microgyria here yields a reduction in VB targeting area, prompting the VB to reroute efferents
and hyperinnervate adjacent PMR (Rosen et al. 2000). This is supported with cytochrome
oxidase (CO) staining in these areas, which is greatly increased in microgyria-surrounding PMR,
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but decreased within the microgyria itself (Jacobs et al. 1999c). These efferents are traditionally
excitatory in their influence as afferents to their respective cortical targets.
Functionally, the consequences of hyperinnervation within PMR by thalamocortical
afferents are varied. One corollary of note is a general increased level of miniature excitatory
postsynaptic current (mEPSC) activity in pyramidal neurons within layer V of PMR, as
compared to the same within layer V of homologous control cortex (Jacobs and Prince 2005;
mEPSC defined in appendix). This indicates that excitatory afferents are not only structurally
increased, but functionally increased as well. Second, spontaneous excitatory postsynaptic
current (sEPSC) and mEPSC frequencies have also been shown to rise incrementally in rats,
from pre-epileptogenic ages P7 to P11 (Zsombok and Jacobs 2007), on top of mEPSC levels
already being high in PMR (Jacobs and Prince 2005). This young age group precedes the age at
which epileptiform activity can be evoked (P12; Jacobs et al. 1999), suggesting that this
incremental s/mEPSC increase may contribute in some way to the onset of epileptogenesis. The
mEPSC increase in this age group supports not only the premise that an increased number of
excitatory afferents may exist in the PMR, but also brings up the possibility of an increased
release probability from these neurons (Zsombok and Jacobs 2005). A third type of EPSC,
evoked (ePSC), are multipeaked, have larger amplitudes, and greater area in PMR, further
evidencing the presence of increased excitatory input to the PMR. All of this together implies
that functional excitability is increased within the PMR; this PMR-inherent hyperexcitability has
been demonstrated to exist all the way up to P118 (animals older than P118 were not analyzed;
Jacobs et al. 1996). Delineation of hyperexcitable PMR was accomplished by field potential
studies, where stimulation of cortex at a distance of 0.5 mm to 2 mm away from the microgyrus,
but no further, resulted in evoked epileptiform activity (Jacobs et al. 1999; Luhmann et al. 1998).
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Epileptogenic mechanisms, including hyperexcitability, therefore exist primarily within this area.
Epileptogenic alterations within PMR are resilient and do not depend on the microgyria proper as
resection of the lesion itself has not been shown to ameliorate the ability to evoke epileptiform
activity from this area (Jacobs et al. 1999a).
In addition to alterations with excitatory circuitry discussed above, functional changes as
induced by hyperinnervation of thalamocortical afferents within the PMR also involve inhibitory
circuitry. Evoked inhibitory postsynaptic currents (eIPSCs) have been shown to be enhanced for
a subset of pyramidal cells in layer V of lesioned cortex, a response that is diminished back to
control values upon bath application of APV and DNQX, respective NMDA and AMPA receptor
antagonists (Jacobs and Prince 2005). This indicates that the enhanced excitatory input reaches
inhibitory cells as well as excitatory ones. Miniature (m)IPSC frequency was not shown to be
altered in PMR, which suggests a maintained number of inhibitory synapses, assuming release
probability is preserved at these terminals (Jacobs and Prince 2005). At the same time, another
study has alternatively demonstrated a decrease in inhibitory post synaptic potential (IPSP)
conductance within layer II/III pyramidal neurons in PMR (Luhmann et al. 1998). In this same
vein, a reduction in the number of immunoreactive cells of a certain inhibitory GABAergic
interneuron subpopulation has been demonstrated (Jacobs and Prince 2005). What these
contradictions potentially mean for the inhibitory network, as impaired in the lesioned brain, will
be discussed at length in subsequent sections.

1.4.4 Involvement of interneurons in epilepsy-promoting characteristics of microgyria
Intuitively, epilepsy, as induced by hyperexcitable PMR cortex in this model, should be
causally linked to the increased excitatory afferentation and enhanced glutamatergic receptor
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binding and functioning (Jacobs et al. 1999c; Jacobs and Prince 2005; Zsombok and Jacobs
2007). This has been demonstrated consistently and reproducibly over the years. However, and
as introduced above, there is further evidence implicating both excitatory and inhibitory
networks (Jacobs et al. 1999). Lines of evidence submit that increased excitation alone cannot
account for PMR hyperexcitability, including the demonstrated delay that occurs between the
increase in excitatory input to PMR pyramidal cells and the later onset of epileptogenesis (Jacobs
et al. 1999a; Zsombok and Jacobs 2007). Further, increased excitatory input to at least some
inhibitory targets has been established (Jacobs and Prince 2005), which supports the possibility
that enhanced and not diminished inhibitory function, may play a critical role in the
pathophysiology of epileptogenesis (Klaassen et al. 2006; Mann and Mody 2008; Prince and
Jacobs 1998). The experiments described in this communication focus on one neocortical
interneuron subtype that has been implicated mechanistically in such a way by previous studies
for the purpose of confirming whether or not it imparts a grander epileptiform activity-promoting
influence in PMR cortex, as compared to its influence in control cortex.

1.5 Neocortical interneurons
1.5.1 Background
In concept, the interneuron has until recently managed to maintain indefinability. As a
term, it was originally used to modestly define cells existing between input and output neurons in
invertebrates (Maccaferri and Lacaille 2003). Though, once the notion of inhibition was
described, interneuron became instead, the categorical name for inhibitory cells that share space
with, but exist in structural and functional contrast to, excitatory principal cells (Maccaferri and
Lacaille 2003). These cells, exhibiting immense variations among their morphological,
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electrophysiological, molecular, and synaptic characteristics, account for 20-30% of the total
neocortical cell population (Markram et al. 2004; Houser et al. 1983). Nevertheless, unifying
features for neocortical interneurons do exist, namely excitatory glutamate being supplanted by
inhibitory γ-aminobutyric acid (GABA), a neocortical interneuron’s primary neurotransmitter.
Interneurons lack long-distance apical dendrites or dendritic spines characteristic to pyramidal
cells (Markram et al. 2004), and instead, possess short axons that tend not to project beyond
cortex into white matter or distant brain regions; these rather arborize vertically within a column,
or horizontally within lamina. A single interneuron can affect the firing patterns of multiple
pyramidal cells by exerting a rhythmic modulatory influence upon them, inducing neuronal
synchrony (Colmers and El Bahh 2003). Synchrony, or the act of pyramidal cells firing in unison
at regular intervals, as it physiologically occurs in non-impaired cortex, is crucial for the
induction of network phenomena such as sensory perception, information processing, formation
of representative maps, motor activity, states of consciousness, attention, and more (Fricker and
Miles 2001; Singer 1999). However, excessive synchronization, as can occur from unchecked
overexertion of inhibitory neurons, can induce an epileptic seizure (Van Quyen et al. 2003).
Alterations in these local inhibitory circuits can and do occur in an impaired brain,
causing imbalance between cortical excitation and inhibition (E/I). In fact, many psychological
disorders are a consequence of such imbalance; these include: schizophrenia, autism spectrum
disorder, and intellectual disability (Dichter and Ayala 1987; Marin 2012). How each type of
interneuron contributes to its local modulatory network is a direct consequence of their
respective morphological, intrinsic, molecular, and synaptic characteristics. Combinations of
these characteristics, together, allow for accurate cellular identification and classification; this
way, their functional relationships and potential pathologies, may be delineated in a more useful
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manner. The subsequent section is a condensed summary of popularly utilized methods for
cortical interneuron characterization.

1.5.2 Interneuron subtype morphology, electrophysiology and molecular markers
Interneurons are morphologically dissimilar in many ways; the extent of their respective
axonal arbors, varying shapes and laminar positions of cell somata, and shapes of dendritic trees
are a few commonly delineated distinctions (Cerebral Cortex 1984). Groupings can be further
distinguished in terms of arbor orientation. Certain cells possess arbor with intracolumnar, or
vertically-spanning dendrites, while others are intralaminar or horizontally-spanning.
Perpendicular in their influence, cells that fall under these categories hold obvious functional
differences. One type of vertically-oriented interneuron, the Martinotti cell, has somata that
originate in layers II through VI; its axons ascend to layer I, wherefrom they arborize
horizontally and synapse onto the distal tuft dendrites of pyramidal cells (Wang et al. 2004;
Fairen et al. 1984; Markram et al. 2004). Some others, bitufted, bipolar, and double-bouquet are
all oriented vertically as well, but differ in their cortical distributions, cellular targets, somal size,
and arbor densities (Fairen et al. 1984; Markram et al. 2004). These vertically-oriented cells, and
others, possess the capacity to simultaneously inhibit multiple neurons within a column and
between cortical lamina. Horizontally-oriented cells, rather synapse on flanking cell bodies
residing within the same layer, thereby supplying inhibition within a layer but across columns.
An example of such an intralaminar interneuron is the Chandelier cell. These cells are named for
their unique spray of horizontal axon branches that form synapses selectively with pyramidal cell
axon initial segments (Somogyi 1977). A second type, the basket cell, presents differently
throughout the brain. Large basket cells can send axons into bordering columns and synapse onto
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the soma of pyramidal cells therein, while small basket cells are densely arborized and only
make contacts with neighboring pyramidal cell bodies (Markram et al. 2004; Wang et al. 2002).
Classification can also be made based on intrinsic membrane properties as these cells
each fire action potentials in distinctive and predictable patterns (Markram et al. 2004). Of the
many known firing configurations, focus will be held on two types: fast-spiking and low
threshold-spiking, as they are characteristic of the two main interneuron populations discussed in
this work.
Fast-spiking (FS) interneurons, fire a rapid progression of action potentials with little to
no adaptation in response to injection of a depolarizing current, while low threshold-spiking
(LTS) interneurons respond to the same input with an attenuating progression of action potentials
(Kawaguchi 1993; McCormick et al. 1985). Action potentials in FS cells have outstandingly
short half-widths of less than one millisecond when compared to that of LTS cells (> one
millisecond) (Kawaguchi 1993). Maximum firing frequency is also higher among FS cells
(Kawaguchi and Kondo 2002) and action potential afterhyperpolarization period is shorter
(Kawaguchi 1993). Additionally, following the application of a hyperpolarizing current, LTS
cells have the capacity to fire rebound action potentials upon a return to resting membrane
potential (Kawaguchi 1993). Finally, IPSCs recorded from FS cells display faster kinetics and
larger amplitudes that those recorded from LTS cells (Bacci et al. 2003).
Molecular markers allot a third way to distinguish interneuron subtypes, as they enable
researchers to identify molecular characteristics inherent to certain cortical areas, thus revealing
separate, non-overlapping cell type populations. Interneurons selectively express certain proteins
and peptides (Kawaguchi and Kubota 1997): Parvalbumin (PV), a calcium-binding protein, as
well as Somatostatin (SS) and Vasoactive Intestinal Peptide (VIP), two peptides, are three
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cellular markers of note. Each are expressed in cortical layers II/III, V, and VI, but never
overlap; this indicates that they likely each correspond to separate cell types. It is also possible
for the incidence of a molecule to be correlated with known cell morphology, as it seen with SS
and Martinotti cells (Kawaguchi and Kubota 1997; Markram et al. 2004). PV correlates with FS
electrophysiology (Cauli et al. 1997; Kawaguchi and Kubota 1993; Kawaguchi and Kubota
1997), and SS with LTS (Gibson et al. 1999). VIP correlates with neither, indicating another
interneuron subtype (Markram et al. 2004).
These methods of identification are often used together in an attempt to accurately
characterize a cell of one type. Proper identification is paramount especially in the context of
how these cells contribute to their respective circuits. Further discussion will involve the
circuitry of two interneuron subtypes, which we can identify based on the features listed above,
and how they each specifically contribute to their inhibitory cortical networks.

1.5.3 Interneuron circuitry
To consolidate, FS cells, which follow the previously delineated series of
electrophysiological and molecular characteristics, tend to be horizontally-oriented basket cells
that contact somata. LTS cells, instead, are vertically-oriented bipolar or bitufted cells that form
synapses with dendrites. Not only do these two cell populations function in complementary
directions, but their sites of contact onto other cells differ as well. For instance, FS cells, which
synapse onto somata, impact the local generation of sodium-dependent action potentials; while
LTS cells, which synapse onto dendrites, modulate generation of both sodium-dependent and
calcium dependent action potentials (McBain and Fisahn 2001; Miles and Poncer 1993). It could
be said then that LTS cells are more modulatory, while FS offer a more strengthened degree of
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inhibition, as has been demonstrated experimentally: IPSCs recorded in pyramidal cells are
typically larger when produced by FS interneurons than they are if produced by LTS (Xiang et
al. 2002). Projection onto other inhibitory interneurons occurs as well: paired chemical
connections exist between LTS cells and FS cells, and to a lesser degree, between dual LTS cells
(Gibson et al. 1999). An interneuron can also self-synapse and thereby modulate its own activity.
FS cell GABAergic autaptic transmission is in large part responsible for its precise, rapid, and
non-adapting action potential progression fired in response to an injected depolarizing pulse
(Bacci and Huguenard 2006). While LTS cells do not self-inhibit in this same way, they have
been demonstrated to modulate self-activity in a more long-term capacity via the production of
autocrine endocannabinoids (Bacci et al. 2004).
Interneurons also receive input from excitatory principal neurons and inhibitory
GABAergic interneurons (Kawaguchi and Kubota 1993; Markram et al. 2004; Somogyi et al.
1998). Excitation of inhibitory neurons occurs to either produce feed-forward inhibition or to
complete a feedback loop, as has been demonstrated electrophysiologically. EPSCs recorded
from interneurons are faster than the corresponding events in pyramidal cells (Buhl et al. 1997;
Geiger et al. 1997; Hestrin 1993), indicating that these cells receive this information first and
therefore may interfere in some way with pyramidal cell reactivity. Some interesting differences
exist between FS and LTS cell types in regard to their received excitatory inputs. FS cells are
preferentially innervated by thalamocortical afferents (Gibson et al. 1999), while LTS tend to
receive more synapses from a single pyramidal cell (Buhl et al. 1997). Reyes et al. demonstrated
that somatic (and perisomatic) domain-targeting interneurons respond to excitatory inputs with
paired-pulse depression, while those that target dendrites respond with paired-pulse facilitation
(Reyes et al. 1998). More specifically, somatic-targeting PV-immunoreactive multipolar cells
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(FS) demonstrate a depressive response, while dendrite-targeting bitufted SS-immunoreactive
cells (LTS) demonstrate facilitated eEPSCs (Reyes et al. 1998). These opposing responses can
simultaneously be observed from different PV or SS interneurons innervated by the same
pyramidal cell (Reyes et al. 1998; Wang et al. 2002). Further, one interneuron innervated and
stimulated by multiple pyramidal cells will produce the same distinguishing response, regardless
of each pyramidal cell’s differing time course (Markram et al. 1998).

1.5.4 Microgyral effect on LTS and FS-expressing interneurons and hypothesis
Until this point, discussion has comprised several cortical components that upon
alteration, yield a hyperexcitable, epileptogenic cortex. Previous work has determined that there
is increased functional excitatory input to the PMR and resultant hyperexcitability; and that from
this hyperexcitable area, epileptiform activity can later be evoked (Jacobs et al. 1999a).
Interneurons, and the alterations they undergo in malformed cortex, may play a role in this
demonstrated delay in epileptogenicity, as well as in the generation of the epileptiform activity
itself.
By the second postnatal week in lesioned rats, interneurons may enable unchecked
excitation to dismantle the E/I balance. Secondly, the interneurons themselves undergo subtypespecific alterations that could encourage epileptogenesis within the PMR; these changes do not
disrupt the identity of these cells (Buckmaster and Dudek 1997; Dinocourt et al. 2003). Rosen et
al., has demonstrated a selective, infragranular decrease of PV-immunostaining interneurons
(Rosen et al. 1998). That is to say, PV-immunostaining, known to correspond with FS cells, is
shown to be decreased in cortical layers V and VI. Concurrently, at P14-15, there does not
appear to be a change in SS-immunostaining interneurons within PMR (Patrick et al. 2006). Such
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a reduction in presumed FS cell density and therefore, activity, would greatly lessen
horizontally-rectified inhibition. Since overall functional inhibition is unchanged, this suggests
that where horizontal intralaminar FS inhibition is weakened, other forms of inhibition might
increase to compensate. Such compensation might take the form of a relative strengthening of
vertical intracolumnar inhibitory component put forth by LTS cells (Figure 1.1). One potential
consequence of strong intracolumnar inhibition may be increased synchrony (Bush and
Sejnowski 1996). Without the horizontal component to inhibit spread into neighboring columns,
the strong LTS-induced synchronous activity could propagate rapidly and without impedance,
thereby promoting epileptiform activity. In support of this, previous studies in Jacobs’ lab (not
yet published) demonstrate that LTS cells in PMR cortex have three times the excitatory input
than their counterparts in control cortex. Additionally, group 1 metabotropic glutamate receptors
(mGluR1 and mGluR5), which selectively excite LTS interneurons, and not FS, display increased
excitation in PMR, as well as anomalous activity and western blot expression of mGluR5, not
seen in control.
Therein lies the general hypothesis of this study: LTS interneurons are more active and
therefore have more modulatory influence over excitatory cortical activity in PMR cortex, than
in control cortex. Experiments in this work will assess the role of LTS interneurons with
optogenetics.

1.6 Optogenetics
1.6.1 History and modern applications
Relatively recent in its accessibility as a neuroscientific technique, optogenetics has come
to fulfill a technical need previously worked around. Before its inception, the ability to
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manipulate individual components of the brain at a high temporal and spatial resolution was not
reasonably achievable. Electrical, genetic, and pharmacological manipulations, while technically
indispensable, lack such precision (Fenno et al. 2011). Francis Crick foresaw the need for tools
like optogenetics in 1999 when he suggested that assembling heavy neuroscientific concepts,
such as theory of mind, would require methodology “by which all neurons of just one type could
be inactivated, leaving the others more or less unaltered” (Crick 1999; Fenno et al. 2011).
Optogenetics fulfills precisely this requisite, allocating a way for researchers to specifically
target “neurons of one type” and selectively “inactivate” them, while monitoring others in a
functioning circuit (Wilson et al. 2012), as Crick so shrewdly predicted not so long ago.
Optogenetics is the functional combination of optic and genetic technologies that make it
possible to image or control specific targets within living and intact neural circuitry (Deisseroth
et al. 2006). Principally, transgenic technology is used to delineate specific neuronal targets,
while light is used to control precise, simultaneous activity of the specific cell population,
leaving nearby neurons of other type to presumably function as they would ordinarily
(Deisseroth et al. 2006). Using this technique, researchers can acquire long-term in vivo imaging
of labeled cells as well as simultaneously image functional, long-range brain maps with
dynamics of neuronal morphology (dendritic spine growth and etc., Deisseroth et al. 2006;
Petreanu et al. 2007; Wang et al. 2014). Dissection of neural networks is also possible: being
able to directly observe a neuronal subtype’s contribution to overall circuitry and in vivo brain
function at this level of spatiotemporal specificity was not previously possible. For example,
Kvitsiani et al. was able to determine the relationship between PV and SS-expressing interneuron
subtypes as it pertains to regulation of information flow during behavior in a particular prefrontal cortical circuit; it was revealed that a select subtype of SS cells respond preferentially
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when reward is introduced, while others expressing PV respond at reward leaving (Kvitsiani et
al. 2013). Additionally, researchers can biochemically and electrically control genetically
targeted neurons within intact living neural circuits (Deisseroth et al. 2006). This can take the
form of behavior manipulation (Nagel et al. 2005; Yizhar et al. 2011), cortical rhythmicity
modulation (Cardin et al. 2009), sleep induction (Tsunematsu et al. 2011), as well as control of
specific neuronal populations to induce a therapeutic effect (Lin et al. 2014).

1.6.2 Genetically targeted optical control of neurons
The specific and direct targeting of neurons, as is central to optogenetics, is a result of
genetic modification. Cells of a specific type can be modified to contain certain light-sensitive
opsin molecules, or rhodopsins. These transmembrane proteins are encoded by single genes and
take many forms. Depending on the type, they may induce varying effects among the cells upon
which they reside (Fenno et al. 2011). The work in this correspondence involved the use of two
membranous rhodopsin proteins, both encoded by type I microbial opsin genes (Fenno et al.
2011). The first of which, channelrhodopsin, is a cation-selective channel. Upon absorption of
blue light (450-490nm wavelength), this channel will conduct monovalent and divalent cations,
causing depolarization (excitation) in neurons upon which it is expressed (Nagel et al. 2003;
Fenno et al. 2011). The second type to be discussed in this work, archaerhodopsin, is a more
recently discovered outward proton pump that hyperpolarizes (silences) neurons upon absorption
of yellow-green light (~575nm wavelength, Tsunematsu et al. 2013; Chow et al. 2010). These
optogenetic actuators operate in a single-component format. That is to say, they combine tasks of
light sensation and ion flux into a single protein unit (Fenno et al. 2011). This is noteworthy,
especially when comparing the advent of these rhodopsin molecules with earlier multi-
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component techniques, which were inherently more expensive and difficult to replicate between
labs (Deisseroth et al. 2006). Ultimately, these single-component channels allot a way to
noninvasively study the contribution of neurons with high cell-type resolution, using light.
There are many ways to incorporate rhodopsin channels into neurons. In this series of
studies, Cre-Lox recombination was implemented. Cre-Lox is a site-specific recombination tool
commonly used to target an intended DNA modification to a specific cell type. In this case, it
was used to integrate or knock-in channelrhodopsin or archaerhodopsin into LTS interneurons,
using Somatostatin (SS) as the promotor. The system involves a single enzyme, Cre
recombinase, which recombines Lox sequences, or short targets for the purpose of carrying out
insertions, deletions, and more (Madisen et al. 2012). Fundamentally, mice strained with
Somatostin-Cre Recombinase were bred with mice possessing Lox sequences containing the
gene for both the intended channel and a reporter (green fluorescent protein, GFP). The result is
Cre-Lox mice with either channelrhodopsin or archaerhodopsin, plus reporter, inserted at the
original SS site (Madisen et al. 2012).
In conjunction with the freeze-lesion animal model for induced microgyria, knock-in of
these channels to SS-containing cells, which correspond with LTS interneurons, will provide a
way to selectively target these cells, manipulate them, and demonstrate biologically whether or
not they exert a more powerful influence in PMR cortex. Interneurons have been studied in
similar fashion for many years; the following section will provide a condensed survey of
previous hallmark interneuron-focused optogenetic studies.
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1.6.3 Study of interneurons using optogenetics; potential problems to consider
In recent years the investigation of interneurons using optogenetics has steadily moved to
the forefront of neuroscientific research. Work done using this technique has revealed even more
information about interneuronal functioning, tied as inextricably to their identities as their
determined morphologies, intrinsic capabilities, and molecular patterns. Here, select works
involving the aforementioned interneuron types outlined in the preceding section, VIP, PV (FS),
and SS (LTS), will be discussed.
Cortical interneurons expressing vasoactive intestinal peptide (VIP) are now known to
engage in disinhibition (Pi et al. 2013). Work in a 2013 study performed by the Kepecs group,
combined optogenetics with single-cell recording techniques to determine the functional role of
these interneurons and their underlying circuitries in differing parts of cortex. VIP interneurons
were targeted by use of a VIP-Cre mouse line to knock-in Channelrhodopsin-2 (ChR2) or by
viral delivery (another method for rhodopsin induction, not discussed in this work). This novel
series of experiments demonstrated for the first time in vivo that VIP interneurons functionally
inhibit other interneurons, thereby relieving some of the inhibition on pyramidal cells; a concept
otherwise known as disinhibition. How they contribute mechanistically to their cortical circuit
was revealed with further in vitro studies; VIP interneurons were shown to monosynaptically
inhibit other interneurons far more than pyramidal neurons (Pi et al. 2013).
Interneurons expressing PV have also been a target of interest for many groups. In 2005,
the duo Kuhlman and Huang explored the viability of Cre knock-in mice by targeting PVexpressing FS interneurons with ChR2; this group revealed not only the robustness of using Cre
recombinase as a means to incorporate rhodopsins in a cell-type specific and long-term manner,
but also the capacity for PV inhibitory circuits to re-wire in post-adolescent cortex via in vivo
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imaging of PV interneuron axonal structure dynamics as visualized by axonal bouton dynamism
(Kuhlman and Huang 2008). Another group in 2012 transfected both ChR2 and Archaerhodopsin
(Arch) into cortical PV cells to demonstrate, via bidirectional manipulation, their functional
contribution within in vivo visual cortex. Apparently, PV interneurons within visual cortex have
tight control on the cortical response to visual stimuli for all contrasts and orientations,
particularly due to its post-synaptic contribution to layer II/III pyramidal cells (Atallah et al.
2012). Optogenetics combined with electrophysiological (whole-cell) recordings in another work
within the striatum revealed that PV interneurons (ChR2 expression induced by viral injection)
provide feedforward inhibition directly and indirectly to major striatal projection neurons
(Szydlowski et al. 2013). Since striatal and neocortical circuits both characteristically comprise a
major projecting neuronal population interconnected with a small yet diverse population of
interneurons, studying the circuitry of PV in both areas is vastly applicable; in fact, the PV
targeting pattern observed in the striatum is similar to that seen from PV cells onto pyramidal
cells of neocortex (Szydlowski et al. 2013). Finally, Cardin et al. tested a popular hypothesis
regarding PV interneuron’s functional contribution to the induction of cortical gamma
oscillations via optogenetic manipulation of these cells in vivo. It was predicted that these
oscillations are generated by synchronous activity of PV-expressing FS interneurons. With the
use of ChR2, the group was able to observe a causal relationship between gamma oscillation and
PV cells for the first time (Cardin et al. 2009). In these studies, excitatory cells were also virally
infected with ChR using CAMKII as the promoter, demonstrating another cell type that can be
studied with optogenetics.
SS-expressing interneurons are a third popular target. A study in 2013 identified SS cells
to play a novel role in layer IV of barrel cortex microcircuitry: apparently, SS interneurons
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within this particular layer, target PV interneurons primarily (as opposed their traditional targets,
pyramidal neurons), resulting in disinhibition. Inhibiting SS neurons in this study, using layer
IV-specific transfection of Halorhodopsin onto SS cells (another type of inhibitory rhodopsin not
discussed in this correspondence), caused an increase in PV firing, and consequent decrease in
the firing of pyramidal cells, paramount to a disinhibitory pathway (Xu et al. 2013). Not only did
this study reveal a new neocortical function of SS interneurons, but it also demonstrated that it is
possible to have rhodopsin expression also be layer specific (Xu et al. 2013). Adesnik et al in
another novel circuit dissection study, this time within the visual cortex, identified SS
interneurons to first of all be preferentially excited by horizontal cortical axons, and secondly to
contribute to surround suppression; a phenomenon previously unknown to have a contribution by
a cortical circuit. Work in this study also involved layer-specific expression of ChR2 for
selective excitation and either Arch or Halorhodopsin for selective inhibition (Adesnik et al.
2012). Another group, Wilson et al, transfected with ChR2, SS-expressing and PV-expressing
interneurons together to optically dissect the effects of distinct interneuron classes within a
functioning network. Using a custom built two-photon imaging system, combined with
optogenetic stimulation, this group was able to image responses at a temporal resolution.
Complemented with recordings from non-infected neurons in slices of visual cortex, this group
demonstrated that dendrite-targeting SS interneurons subtract more information from excitatory
cells and thereby sharpen selectivity, while soma-targeting PV interneurons divide responses,
and preserve selectivity (Wilson et al. 2012). Royer et al completed a dual SS and PV study
similar to this within the hippocampus and using inhibitory Halorhodopsin. They determined
certain specific characteristics (rate, timing, and burst firing) of pyramidal cell activity that are
controlled directly by these two interneuron types (Royer et al. 2012).
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The technologies previously discussed are exciting, innovative, and obviously inspiring,
causing many research groups to publish many significant findings. However, there are some
issues with this rush, mainly regarding the expression patterns of certain Cre-mouse lines. The
(LTS) SS-Cre mouse line, for instance, used in many high-profile studies, has a 6-10% chance of
expression in PV-expressing cells (Hu et al. 2013). Co-expression is a factor neglected by many
studies, but one to bear in mind, particularly given the pursued high cell-type resolution principal
to optogenetics.
As inspired by many of the studies listed above, work in this communication will utilize
ChR and Arch to selectively study the altered contribution of SS-immunostaining LTS
interneurons within PMR, as it pertains to the induction of epileptiform activity.

1.6.4 Optogenetics and epilepsy
There are many instances of optogenetics being used to research epilepsy. One study
performed in 2013 discussed the ability to induce seizure-like afterdischarges with repetitive
photostimulation in vivo. ChR2 was expressed (virally) throughout the hippocampus; repeated
instances of blue light shone onto this area was sufficient to induce these events, which became
self-sustained and propagated throughout the hippocampus (Osawa et al. 2013).
Complementarily, another study of the same year demonstrated the amelioration of severe
epileptic seizure onset in vivo. The group silenced Halorhodopsin-expressing hippocampal
pyramidal neurons with light and thereby demonstrated the essential role they play in seizureinduction within the hippocampus (Sukhotinsky et al. 2013). Lastly, Ledri et al expressed ChR2
in a mixed population of interneurons to determine their collective impact on ongoing
epileptiform activity in ex vivo (acute) hippocampal slices. When SS and PV interneurons were
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simultaneously excited with blue light, epileptiform activity was suppressed. Suppression
occurred to a far lesser degree if only one of the two interneuron subtypes was activated
individually (Ledri et al. 2014).
It is clear that optogenetics is a robust technique, with many broad applications; from the
dissection of networks to the manipulation of cortical rhythmicity, this tool can be applied as
well to the study of interneurons and how they contribute to intractable epilepsy as induced by
microgyria. In the following series of experiments, optogenetics, along with whole cell
recordings, field potential studies, and immunohistochemistry, was utilized to investigate cortical
SS (LTS) interneurons within layer V of somatosensory cortex, as they pertain and potentially
contribute to the induction of epilepsy in an animal model for polymicrogyria.
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Chapter 2
The Effects of Optogenetic Activation and Silencing of SS interneurons within Malformed,
Epileptogenic Cortex

2.1: Hypothesis and objectives
Polymicrogyria, a developmental cortical malformation, can cause intractable epileptic
seizures in inflicted individuals. This debilitating disorder and lack of effective therapeutic
intervention drives a need to elucidate the underlying cellular mechanisms inherent to cortical
malformations of this nature.
These studies utilize a freeze-lesion model for polymicrogyria in transgenic mice that
selectively express either Channelrhodopsin or Archaerhodopsin optogenetic channels on one
particular cell type implicated by previous studies, SS-immunostaining LTS interneurons. These
cells, within an epileptogenic area adjacent to the malformation proper, termed the
paramicrogyral region (PMR), are thought to be functionally altered, as compared to their state in
homologous control cortex, and potentially contribute to the pathological generation of
epileptiform activity within malformed cortex.
We hypothesize that SS-immunostaining, LTS interneurons have greater modulatory
control over excitatory neurons within pathological PMR. With the following series of
experiments, we assessed this by:
1. Evaluating if they elicit greater suppression of excitatory fields in PMR cortex via
field potential studies
2. Evaluating if their imparted effect is larger in PMR cortex via whole cell patch
clamping of pyramidal neurons
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All recordings were taken from pyramidal neurons and LTS interneurons within layer V
of somatosensory cortex PMR (500-600 µm away from the freeze-lesion induced microgyrus) or
homologous control cortex.

2.2: Materials and Methods
Channelrhodopsin2 and Archaerhodopsin3 induction into LTS interneurons
To achieve expression of light-sensitive Channelrhodopsin or Archaerhodopsin in SSexpressing LTS interneurons, Ai32 (RCL-ChR2 (H134R)/EYFP) or Ai40 (RCL-Arch/EGFP)-D
mice were bred with SS-IRES-Cre mice. The result was offspring that expressed either a
Channelrhodopsin-2/EYFP (ChR2-EYFP) or Archaerhodopsin-3/EGFP (ArchT-EGFP) fusion
protein in SS-expressing cells, respectively.

Freeze lesion surgery
Aseptic surgery techniques were followed to induce bilateral freeze lesions in mice on
postnatal day 1 (P1). SS-ChR2-EYFP or SS-ArchT-EGFP mouse pups were anesthetized via
induced hypothermia achieved by being placed on ice for 4 minutes. A coronal incision was
made on the scalp, exposing the skull. A freezing probe, comprising a copper bar with a 0.1 mm
pointed tip cooled to -55˚C was applied directly onto the skull approximately 0.5 mm lateral to
midline sagittal suture and equidistant between the coronal and lambdoid sutures, on both sides,
corresponding to somatosensory cortex (Figure 2.1). The probe was applied for a duration of five
seconds. The skin was sutured, the pups were warmed over a heating blanket for 10 minutes, and
returned to the dam. Animals were weighed for five days following the surgery to ensure proper
recovery.
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Brain extraction and acute slice preparation
Naïve control and lesioned animals aged either P12-21 were anesthetized with an
overdose of isoflurane and decapitated. The brain was quickly removed and immediately
transferred into freezing (-18˚C) sucrose slicing solution containing (mM): 2.5 KCl, 1.25
NaH2PO4, 10 MgCl2, 0.5 CaCl2, 26 NaHCO3, 234 sucrose, 11 glucose. Coronal slices containing
somatosensory cortex were cut using a 1000 plus vibratome at a thickness of 300 µm; slicing
occurred with the brain submerged in sucrose slicing solution. Somatosensory cortex was
confirmed with corresponding hippocampal morphology (Figure 2.1). Slices were transferred
and stored in a holding chamber in artificial cerebrospinal fluid (aCSF) infused with 95% O2/5%
CO2 to maintain pH; aCSF comprised (mM): 126 NaCl, 3.5 KCl, 1.25 NaH2PO4, 1.0 MgSO4, 1.2
CaCl2, 10 glucose, and 26 NaHCO3. Slices remained in this solution heated to 34˚C for 25
minutes, followed by a 20-25 minute cooling period and thereafter at room temperature until
recording.

Electrophysiology and optical manipulation
Prior to recording, slices were transferred from the holding chamber to the recording
chamber with aCSF (~300 mOsm) infused with 95% O2/5% CO2 and heated to 32˚C flowing
over for entire duration of experimentation. In some instances, aCSF bath solution was modified
to contain gabazine (GABAA receptor antagonist, 20 M), or APV (NMDA antagonist, 50 M)
& DNQX (AMPA antagonist, 20 M).
Intracellular solutions for pyramidal cell and LTS interneuron recordings were either of a
‘high chloride’ configuration (in mM: 70 K-gluconate, 10 Hepes, 4.0 EGTA, 70 KCl, 4.0 Na-
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ATP, and 0.2 Na-GTP) or a ‘regular’ configuration (in mM: 130 K-gluconate, 10 Hepes, 11
EGTA, 2 MgCl2, and 2.0 CaCl2, 4.0 ATP, and 0.2 GTP). Osmolarities and pH of both
intracellular solutions were adjusted to 280-290 mOsm and pH 7.3. Biocytin or Alexa-495 (0.250.5%) was included in recording pipettes to confirm neuronal morphology post-experiment via
subsequent staining.
In some patch clamp experiments an electrical stimulus was applied 100-150 µm lateral
to patched cell using a glass pipette filled with either aCSF or 1 M NaCl. For field potentials, the
recording electrode was pulled in the same manner as a whole cell patch pipette (~1-2 m
diameter) and filled with aCSF or 1 M NaCl. In order to activate and record a field potential, a
stimulating electrode (the same as used in patch experiments, described above) was placed in
layer V, vertically beneath a field potential recording electrode in layer II/III. These recordings
were made using a Multiclamp 700B amplifier (Molecular Devices) and digitized at 50 kHz with
Digidata 1440A and pClamp software (Molecular Devices).
Optical manipulation of LTS interneurons was achieved using X-Cite and XLED1
software (Lumen Dynamics). To activate ChR expressing SS neurons, a wavelength of 460 nm
was used at an intensity of either 20% (SS interneuron recordings, LED evoked pyramidal
neuron IPSCs, electrically-evoked pyramidal neuron IPSCs) or 100% (horizontal and vertical
shift LED evoked pyramidal neuron IPSCs). To activate Arch-expressing SS neurons, a
wavelength of 565 nm was used, all at an intensity of 100%. These wavelengths were applied
through a 60X objective either above patched cell, or at varying distances depending on the
experimental protocol. Applied light covered an area of ~100 µm as determined by the
objective’s aperture diameter.
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Some additional field potential recordings not requiring optical activation were made on a
separate rig, where slices were placed in an interface chamber and recordings were made using
and ER1 amplifier (Cygnus Technologies), and digitized at 5-10 kHz with pClamp software and
a Digidata 1322A (Molecular Devices).
The utilized experimental protocols were as follows: (1) an LED stimulation intensity
series wherein 11 increasing durations of LED, ranging from 0.1 to 2 milliseconds, were applied
in three series. This series was applied with LED exposure over the layer V patched cell, 200 µm
lateral, 400 µm lateral, or in superficial layers II/III. (2) A repetitive stimulation series wherein
five flashes of blue LED, at the duration threshold for the patched pyramidal neuron, was applied
at a frequency of 50Hz; exposure in this case was above the layer V patched pyramidal neuron.
Repetitive stimulation was applied in three series. (3) LED was also applied over the patched
pyramidal neuron during a six second collection of spontaneous events split into a two second
pre-light period, a 2 second during-light period, and a 2 second post-light period, repeated for a
series of six sequences. (4) An electrical stimulation intensity series, wherein electrical
stimulation, starting at the millivoltage that evoked an all-or-none threshold response, was
applied at 1, 2, 4, 8, and 16 times the threshold amount, from a distance of 100-150 µm to the
layer V patched pyramidal neuron; intensities were applied in three series. (5) An electrical
stimulation plus LED combination series, wherein the same electric stimulation intensity series
described above was applied with a simultaneous LED component that occurred during the
electrical stimulation, and continued for 20 milliseconds following cessation of the electrical
component; combination intensities were applied in three series. (6) Field potential recordings
comprising electrical stimulation intensity series, as described above, however with stimulation
in layer V, and the recording element vertically above in layers II/III. Threshold in these
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experiments was a current level that evoked a short latency negative field of 0.2 mV amplitude
response. (7) Field potential recordings with series electrical stimulation as described above plus
a simultaneous LED component both applied in layer V, with the recording element vertically
above in layers II/III. LED application occurred during electrical stimulation and continued for
20 milliseconds following cessation of the electrical component.

Tissue Staining
Experimental slices were placed in 4% paraformaldehyde for 24 hours after
experimentation was completed. After this period, slices were placed into phosphate buffered
saline (PBS) until staining. Whole cell patch clamp slices with biocytin-filled cells were stained
with either combination NeuN (mouse anti-NeuN conjugated with Alexa Fluor 488, Chemicon
MAB377X) and avidin (1:500 Texas Red conjugate, Life Technologies) or avidin alone. Images
of slices reacted with avidin were imaged using the Leica TCS-SP2 AOBS confocal laser
scanning microscope in VCU’s department of Anatomy and Neurobiology microscopy facility.
Images of slices reacted with Neun were obtained with the Scope A1 microscope (Zeiss) and
Image Pro Premiere 9.1 (Media Cybernetics).

Data Analysis
Data was analyzed using Clampfit (Axon Instruments), Minianalysis (Synaptosoft), and
home-written macros in Microsoft Excel. Data are presented as mean ±SEM. In most cases, a 2way repeated measures ANOVA was performed (SPSS software from IBM, significance set at p
<0.05), for instance to compare across various stimulus intensities in control versus PMR.
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Chapter 3
Results

3.1 Freeze lesion at P1 in mouse produces similar histopathology to that observed in the P1
rat
These studies are the first in this lab to utilize the freeze-lesion methodology in mice—
previous studies implemented the surgery technique in rats. Thus, our first goal was to
demonstrate that the histopathology and functional hyperexcitability could be replicated in this
species. Slices prepared and used for electrophysiological recordings were immersion fixed for
24 hours, subsequently placed in PBS, and later stained for NeuN. These slices showed a visible
sulcus and abnormally laminated region (microgyrus) in somatosensory cortex, as it developed
from the induced P1 freeze-lesion. Two examples are provided, to be compared with an imaged
section of homotopic control cortex (Figure 3.1A, B, and C). Note that identification of the
region as somatosensory cortex can be made by comparing to sections from a published atlas
(Figure 2.1), using the location relative to the midline, as well as the morphology of hippocampal
structure as guides.
Higher power images revealed variability of microgyral lamination patterns between
slices (previously described, Figure 3.1E and F). Such variability is also typical of microgyri
produced in rats (Jacobs et al. 1999a). Finally, the transition from microgyric layers 1-4 to
normal layers I-VI was visualized (Figure 3.1F).
All whole cell patch clamp recordings were made within layer V cortex, mid-PMR (500600 µm lateral to microgyrus) or in homotopic control cortex, as visualized by red hashed-line
boxes in Figure 3.1 A, B, and C (PMR begins 0.5 µm away from the microgyrus, and continues
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for ~1.5 µm). All field potential recordings were made in layer II/III vertical to a stimulating
component in layer V within the same range.

3.2 Freeze lesion in P1 mouse produces epileptiform activity within PMR
To ensure that the model expresses functional hyperexcitability in mice as it does in rats,
electrically-evoked field potentials were recorded in slices taken from control and PMR mice
aged P12 to P18. From PMR slices, instances of interictal-like (Figure 3.2D) and ictal-like
(Figure 3.2E) epileptiform activity was evoked. Occasionally, instances of subtle epileptiform
activity was evoked in control slices (Figure 3.2B), but this is attributed to the developmental age
of the mice and has previously been demonstrated in rats as well (Luhmann et al. 1998). Ictallike epileptiform activity was never evoked in control slices. Of the total animals tested,
epileptiform activity was evoked in 100% of PMR-containing mice (Figure 3.2F). However,
epileptiform activity was not evoked from some slices within this group.

3.3 SS interneuron activation effect on evoked field potentials
Selective activation or silencing of SS/LTS interneurons is made possible by the specific
expression of ChR2 or Arch on SS-containing cells respectively, enabling us to manipulate these
cells in predictable ways, so as to observe the effects they might have in their networks.

Effect of SS-ChR2 interneuron activation on field potentials
To assess the effect selective SS-ChR2 interneuron activation has on a field potential,
electrically-evoked field potential responses were recorded and then compared to responses
recorded with the same electrical stimulus protocol but the addition of blue (b)LED applied
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(described above). Application of bLED would stimulate SS interneurons, causing them to fire
and inhibit postsynaptic neurons; in these experiments, an increase in inhibition would be
expected to produce a suppression of the short latency field potential negativity. Example
electrical and electrical plus bLED recordings from single control (Figure 3.3A) and PMR slices
(Figure 3.3B) are shown. Single slice examples of electrical plus bLED fields can be seen as they
compare to electrical only (Figure 3.3C). The degree of bLED effect between these two slices
appears to be less in the PMR slice as indicated by percent of remaining electrically-evoked
response following bLED suppression (Figure 3.3D). Statistical analyses were not performed
since this series comprised 1 control slice and 1 PMR slice.

3.4 Pyramidal cell and SS/LTS interneuron identification and differentiation
Neuronal morphology
Subsequent experimentation involved recordings from either pyramidal neurons or
SS/LTS interneurons within layer V PMR or homotopic control cortex. These types were
identified in several ways. One way was morphologically as visualized in the live slice under
DIC optics. Morphology was confirmed by post-hoc avidin staining of slices with biocytin-filled
cells (Figure 3.4 A, B, C, and D). Additional methods of identification including intrinsic firing
patterns will be discussed in subsequent sections.
In the example pyramidal cell shown in Figure 3.4, morphological characteristics typical
of pyramidal neurons are seen. These include the presence of a large and triangular soma with a
large diameter apical dendrite projecting towards pia, basal dendrites below the soma and the
presence of a long axon that projects subcortically (Figure 3.4A). Morphological confirmation of
SS/LTS interneurons involved the same process. These cells can be seen to differ from
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pyramidal neurons in a few ways: they lack an apical dendrite and typically possess a thin axon
projecting towards pia as shown in Figure 3.4B. A higher powered image of the same cell shows
the ovular soma, multipolar pattern of dendrites, and a thin pia-oriented axon (Figure 3.4D), all
characteristics typical of LTS interneurons.

Intrinsic firing patterns
Electrophysiologically, cell types can be determined by the pattern of action potentials
fired in response to intracellular injection of depolarizing current. We employed this as our third
way to identify and differentiate between cell types. One identifying characteristic in a series of
action potentials evoked in this way is the size of the first action potential’s
afterhyperpolarization period (AHP) in relation to that associated with the last action potential
(Gibson et al. 1999). Injection of depolarizing current into the pyramidal cell shown in Figure
3.4A and C yielded a series of action potentials, the first of which had an AHP smaller in
amplitude (more depolarized) than that of the final AHP (top, Figure 3.4E). Injection of the
depolarizing current into the SS/LTS interneuron shown in Figure 3.4B and D evoked a series of
action potentials where the first AHP was larger in amplitude (more hyperpolarized) than the last
(bottom, Figure 3.4F). These patterns correspond with pyramidal cell and SS interneuron firing
patterns, respectively (Gibson et al. 1999). To differentiate these neurons from FS interneurons,
action potential duration and adaptation was reviewed. FS interneurons, as their name suggests,
have a fast action potential, typically less than one millisecond in duration. In addition, they
show little to no adaptation even at high firing frequencies. In the example pyramidal and
SS/LTS neurons, it can be seen that the action potential duration is much longer than one
millisecond (Figure 3.4E and F).
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3.5 The effect of SS-ChR2 activation in pyramidal neurons
SS-ChR2 interneuron responsiveness to bLED
A series of control experiments were performed to confirm that ChR2 opsin channels
operate similarly in control and PMR cortex. Ultimately, these studies were performed to verify
that channel functioning was not altered by induced microgyria inherent to the utilized animal
model. Results in this section are from whole cell patch clamp recordings of SS interneurons
identified prior to patching with cellular fluorescence. Selective fluorescence is possible because
of the SS-expressed opsin’s GFP or YFP reporter protein.
SS interneurons expressing ChR2 responded (depolarized and fired action potentials) to
bLED (20% intensity) similarly in control and PMR animals for the durations of light used here.
In current clamp (bath solution: regular aCSF; regular intracellular solution), action potentials
were recorded as induced by a bLED stimulation intensity series (described above). In most
cases, cells responded to all durations of 0.2 milliseconds and higher with one to three action
potentials (Figure 3.5). Shown in Figure 3.5 are examples of these recordings from single control
and PMR SS interneurons, demonstrating the most typically seen response pattern: most
commonly, a cell would fire one action potential at the lowest durations (0.1 and 0.2
milliseconds) and increase firing to between two and three action potentials at the highest
duration (two milliseconds). This pattern was demonstrated in both control and PMR SS
interneurons. The mean number of bLED-evoked action potentials at all durations was similar
between these two groups as determined by a two-way repeated measures analysis of variance
(Figure 3.5C): there was no statistically significant effect of group (control versus PMR), F(1,14)
= 0.005, p = 0.944; or any significant interactions between group and bLED duration, F(10,140)
= 0.657, p = 0.480. There was, however a significant effect of bLED duration, F(10,140) =
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9.145, p = 0.003), indicating simply the responses evoked by shorter bLED durations were not
the same as ones evoked by longer bLED durations.
Unless otherwise noted, most reported statistics to follow were also generated by two or
three-way repeated measures analyses of variance and will be presented using the preceding
format.

bLED-induced pyramidal cell IPSCs
To test the hypothesis that SS interneurons have more modulatory control over excitatory
principle (pyramidal) neurons within layer V PMR, we assessed the effect selective activation of
SS interneurons has. These results are from layer V pyramidal neuron whole cell patch clamp
recordings.
SS-ChR2 interneurons, as described above, are activated (depolarized) by bLED. Their
activation will inhibit the neurons they presynaptically contact. Inhibition can be visualized
electrophysiologically in voltage clamp as inhibitory postsynaptic currents (IPSCs), allocating a
way to measure the effect selective activation of SS interneurons has on pyramidal cells. In
active cortex and within the same postsynaptic cell, IPSCs will occur with the simultaneous
induction of excitatory postsynaptic currents (EPSCs), as induced by excitatory neurons. To
isolate the inhibitory component, excitatory glutamatergic receptor blocking agents, APV and
DNQX were added to bath aCSF; high Cl intracellular solution was used as well. These
experiments comprised bLED stimulation intensity series (defined above) recorded in voltage
clamp (holding = -70 mV). Shown in Figure 3.6 are examples of select intensities recorded in a
single control and PMR neuron. IPSC peak amplitudes evoked by bLED durations of 0.5
milliseconds and higher, in PMR pyramidal neurons, were more than double than that of control
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pyramidal neurons (Figures 3.6A and B) and thusly, the peak amplitude of IPSCs were much
larger in PMR pyramidal neurons compared to those from control pyramidal neurons (Figure
3.6C): there were statistically significant effects of group, F(1,10) = 12.020, p = 0.010; bLED
duration, F(10,100) = 24.240, p = 0.000; and significant interactions between bLED duration and
group, F(10,100) = 8.680, p = 0.000. The area of significant IPSC peak response was also larger
in PMR pyramidal neurons (Figure 3.6D). In this measure, there was a statistically significant
effect of bLED duration, F(10,100) = 5.640, p= 0.000).
Changes in the neurotransmitter release probability of presynaptic SS interneurons is a
likely contributor to the demonstrated increase in PMR pyramidal neuron inhibitory response. If
PMR SS interneurons have a higher release probability than those in control, then the
postsynaptic neuron will respond to repeated evocations with a higher degree of attenuating
IPSCs due to a higher likelihood of neurotransmitter depletion each time. Lower presynaptic
release probability would have the opposite postsynaptic effect. To test this in SS-ChR2
interneurons, we employed a repetitive stimulation series (described above, voltage clamp;
holding = -70 mV). EPSC blockers in bath were used to isolate the inhibitory component (high
Cl- intracellular solution used as well). Repetitive LED stimulation of SS interneurons at 50Hz
demonstrated a relatively higher release probability in PMR pyramidal neurons. Both control
(Figure 3.7A) and PMR pyramidal neurons (Figure 3.7B) showed depression in their respective
SS interneuron-evoked sequence of IPSCs, however, the depressive response was greater in
PMR pyramidal neurons, indicating a relatively higher probability of release in presynaptic PMR
SS interneurons (Figure 3.7B, C). The percent of peak one for peaks 2-5 was compared between
control and PMR using a 2-way ANOVA. This revealed a significant effect of condition (each
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peak compared to peak one), F (3,54) = 46.220, p = 0.000; but no significant effect of group
(control vs PMR), F (3,54) = 1.410, p = 0.250.
To determine the distance from which pyramidal neurons can respond to bLED activation
of SS-ChR2 interneurons, IPSCs from LED stimulation intensity series (described above; EPSC
blockers in bath, high Cl intracellular solution) were recorded with bLED application over the
area of the original patched layer V pyramidal neuron (frame 0). This was compared to the same
evoked by bLED applied at distances of 200 µm (frame 2) and 400 µm (frame 4) lateral to the
patched pyramidal cell. IPSCs evoked with bLED over the layer V patched cell were also
compared with those evoked by bLED applied in superficial layers II/III, vertical to layer V cell
position (voltage clamp; holding = -70 mV).
Single cell examples qualitatively show that IPSC peak lessens when bLED stimulus is
applied at farther distances (Figure 3.8A and B). There were statistically significant effects of
bLED location, F(2,10) = 9.255, p = 0.027; and bLED duration, F(10,50) = 14.738, p = 0.001, on
IPSC peak amplitude between control neurons (Figure 3.8C, 3.9A). Between PMR neuron IPSC
peak amplitudes, there was a statistically significant effect of bLED duration, F(10,30) = 8.739, p
= 0.044; and significant interactions between location of bLED and bLED duration, F(20,60) =
6.786, p = 0.041 (Figure 3.8D, 3.9A). Specifically, between frame 0 and frame 2 IPSC peak
amplitudes in PMR pyramidal neurons, there was a statistically significant effect of bLED
duration, F(10,30) = 8.663, p = 0.000; significant effect of bLED location, F(1,3) = 34.084, p =
0.010; and a significant interaction of bLED duration and bLED location, F(10,30) = 4.649, p =
0.000. Between frame 0 and frame 4 IPSC peak amplitudes, there was a statistically significant
effect of LED duration, F(10,30) = 19.152, p = 0.000; and significant interactions between bLED
duration and bLED location, F(10,30) = 17.616, p = 0.000. There was no significant effect of
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bLED location, F(1,3) = 7.519, p = 0.071. (Figure 3.9D). In figure 3.9B, control and PMR
bLED-evoked IPSCs at frame 2 and frame 4 are graphed as a percentages of IPSCs evoked in
pyramidal neurons at frame 0; there are no significant effects of bLED duration, F(1.331,10
.645) = .989, p = 0.369; bLED location, F(1,8) = 1.329, p = 0.282; group (control versus PMR),
F(1,8) = 0.585, p = 0.466; nor are there any significant interactions (statistical reports omitted as
all p-values > 0.05).
Pyramidal neuron IPSC peak amplitudes of LED at frame 0 (layer V) were also compared
to the same of bLED application in superficial layers II/III (vertically above patched pyramidal
cell). IPSC peak amplitudes were different between these two stimulation sites as there are
statistically significant effects of bLED duration F(1.776,7.103) = 15, p = 0.003, bLED location
F(1,4) = 8.773, p = 0.041, and significant interactions between group (control and PMR) and
bLED duration, F(3.891,15.565) = 4.264, p = 0.017 (Figure 3.10A, 3.10B). The occupied
percentage of frame 0 IPSC peak amplitude shows that control and PMR pyramidal neurons
show a similar decrease in response to bLED application in layers II/III: there is no statistical
significant effect of group (control versus PMR) in this measure, F(1,4) = 4.672, p = 0.097. This
indicates that whatever differences do exist between the functional input by SS interneurons in
layer V versus layer II/III, between control and PMR, are restricted to layer V.

bLED effect on evoked pyramidal cell events
To further assess SS-Chr2 interneurons as they might be altered in PMR cortex, we added
an electrical component to evaluate the effect their selective activation imparts on electricallyevoked events. These results are from whole cell patch clamp recordings taken from pyramidal
neurons stimulated by an electrode placed at a lateral distance of 100-150 µm to the recorded
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neuron (electrode within pipette filled with either regular aCSF or 1M NaCl; voltage clamp,
holding = -70 mV). Electrically-evoked IPSCs (APV and DNQX in bath, high Cl intracellular
solution) were evaluated to be compared with the electrically-evoked plus simultaneous bLED
application (protocols described above).
Electrical stimulation in this way will evoke an inhibitory postsynaptic current from the
patched pyramidal neuron. Since the addition of SS interneuron-stimulating bLED will further
activate SS interneurons within this area, electrical plus bLED pyramidal neuron responses
should therefore be smaller than those evoked by electrical stimulation alone.
In control pyramidal neurons, there were no statistically significant effects of condition
(electrical stimulation versus electrical plus LED), F(4,8)=1.504, p = 0.288; or significant effects
of stimulation intensity, F(1,2) = 0.017, p = 0.909 (Figure 3.11A). In PMR pyramidal neurons,
there were no significant effects of condition (electrical stimulation versus electrical plus LED),
F(1,3) = 1.582, p = 0.297; or significant effects of stimulation intensity, F(4,12) = 0.863, p =
0.513 (Figure 3.11B); however we believe that upon the addition of more cells to the group,
these data may become significant. By calculating the percent change of electrical plus bLED
IPSCs from electrical-alone, we can see that there was no change in controls, but in PMR,
responses were reduced to about 50% (Figure 3.11 E). Again, with our currently small sample
size of 3 control and 4 PMR pyramidal neurons, there is not currently a significant difference
between these two groups in this measure (Figure 3.11D): there was no statistically significant
effect of group (control and PMR), F(1,5)=1.601, p = 0.262; and no significant interactions
between group (control and PMR) and electrical stimulus intensity, F(4,20) = 1.985, p = 0.203.

3.6 The effect of SS-Arch silencing in pyramidal neurons
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SS-Arch interneuron responsiveness to yLED
A series of control experiments were performed to confirm that Arch opsin channels
operate similarly in control and PMR cortex. Just like with SS-ChR2, these studies were
performed to verify that channel functioning was not altered in the utilized animal model.
Results in this section are also from whole cell patch clamp recordings of SS/LTS interneurons
identified prior to patching with selective reporter-protein fluorescence.
SS interneurons expressing Arch respond (hyperpolarize) to yellow light (yLED; 565 nm,
100% intensity). yLED stimulation intensity series (defined above) were recorded in SS
interneurons in current and voltage clamp (bath solution: aCSF containing 50 M APV & 20 M
DNQX; high Cl intracellular solution). These series evoked hyperpolarization events similarly in
control and PMR SS interneurons. Responsiveness was not as robust as it was in SS-ChR2
interneurons, however, the longest LED durations in the series did evoke hyperpolarization
(Figure 3.12). We note here that we applied the yLED for two milliseconds, a duration shorter
than what is required for the channels to fully open (five milliseconds); thus these experiments
need to be repeated with longer yLED exposures. Current clamp (CC) hyperpolarizing events
occur downwards (Figure 3.12A), while those recorded in voltage clamp (VC) occur upwards
(Figure 3.12B).

yLED effect on spontaneous events
The final parameter employed to assess the differing effect SS interneurons have in layer
V PMR pyramidal neurons involved the selective silencing of SS-Arch interneurons during
recordings of spontaneous IPSCs (APV and DNQX in bath, high Cl intracellular solution;
voltage clamp, holding = -70 mV). These experiments comprised a six second long period of
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spontaneous event collection with an intermediate LED component (described above; single cell
example, Figure 3.13A). Change in IPSC frequency was used as the metric in this series of
experiments. Frequencies of prelight and during light IPSC events remained the same in all
recorded cells in both control and PMR (t-tests used to compare pre to during separately for each
group: p > 0.05 at each comparison; Figure 3.12 B, C). While this was initially unexpected, we
believe that the yLED had little effect because overall excitability levels were low due to APV
and DNQX in the bathing medium, which reduced overall network activity and therefore also
likely reduced firing of SS neurons. Activating the arch will only have an effect that is
observable in neurons postsynaptic to the SS if the SS neurons with the Arch were already firing
action potentials. If they are silent then hyperpolarizing them further would not be observed by
recordings unless made directly from the SS neurons.

3.7 Summarized effects selective activation or silencing of SS interneurons has in control
versus PMR cortex
The performed experiments revealed much about the SS interneuron functionality in
control versus PMR cortex. bLED activation of SS-ChR2 interneurons evoked higher inhibitory
postsynaptic events in layer V PMR pyramidal neurons compared to that of control. This could
potentially be due to the release probability of these interneurons within PMR which was also
demonstrated to be higher relative to controls. The increased output from PMR SS neurons
appears to be largely confined to layer V locally around the activated SS neurons. This is true
since the bLED IPSC produced by stimulation at 200 and 400 um lateral to the recorded neuron
was not significantly different. In addition, the bLED IPSC evoked from superficial layers above
the recorded layer V pyramidal neuron was also not significantly different between control and
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PMR. Only with bLED stimulation in layer V could the differences between control and PMR
be observed. SS-ChR2 interneuron effects on electrically-evoked IPSCs recorded in pyramidal
neurons were interesting: we believe that the following may become significant with a larger n,
but currently our data suggests not only that the electrically-evoked IPSCs within PMR
pyramidal neurons may be larger than those evoked in control, but the electrical and bLED
IPSCs may demonstrate a pattern wherein PMR pyramidal neuron IPSCs are reduced more by
SS interneuron activation than they are in control. Finally, yLED exposure onto SS-Arch
interneurons did not appear to alter the frequency of spontaneous inhibitory events recorded from
control and PMR layer V pyramidal neurons under these experimental conditions.
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Chapter 4:
Discussion

The overall objective of this study was to assess whether cortical LTS interneurons
function differently within freeze-lesion induced microgyric cortex using direct and selective
cellular manipulation. Utilizing optogenetics in conjunction with whole cell patch clamping and
field potential studies, the following observations were made: (1) the SS/LTS interneuron
mediated evocation of IPSCs in layer V pyramidal neurons is more robust in PMR. Similarly, the
data suggests that electrically-evoked IPSCs from layer V PMR pyramidal cells are larger than
those evoked in control. (2) Data suggests that SS/LTS interneuron mediated suppression of
electrically-evoked responses may be stronger in PMR; and (3) the selective silencing of SS/LTS
interneurons might not impart an effect on spontaneous inhibitory postsynaptic events at low
levels of network activity.
LTS interneurons were targeted in these studies due to previous work that identified these
modulatory cells as potential contributors to the induction of epileptiform activity within PMR
cortex. In this lab, preceding studies suggest that cortical LTS interneurons are possibly more
active in the microgyric brain. These cells have been shown to receive three times the excitatory
input control LTS interneurons have been demonstrated to receive (unpublished data). Moreover,
group 1 mGluRs (mGluR1 and mGluR5), receptors that selectively excite LTS interneurons,
display increased excitation in PMR. mGluR5, which does not display activation in control
cortex, has been demonstrated to have anomalous expression (established with western blotting)
and activity within PMR (unpublished data). These indirectly posit that LTS may be more active
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within PMR. Studies in this work were an attempt to assess this biologically and provide direct
evidence of PMR LTS increased output.
Overactive LTS functionality may occur in conjunction to or possibly because of
reductions in FS interneuron density in deep layers of cortex (layers V and VI) that persists in
older animals, as determined by PV-immunostaining (Rosen et al. 1998). While it is possible that
this reduced staining does not correspond with reductions of PV cellular population density or
even inhibitory function, the established fact that overall levels of inhibition remain the same
between control and PMR cortex as well as the suggested overactivity of LTS interneurons
within PMR, indicates that this might be the case. Reduction of FS intralaminar inhibition in
conjunction to a relative increase in LTS intracolumnar inhibition could induce increased and
unchecked pyramidal neuron synchrony (Bush and Sejnowski 1996), the cellular basis of
epileptic seizures (observed in this animal model as epileptiform activity).
This hypothesized mechanistic change seen with SS and PV interneurons may
pathologically extend beyond just the induction of epilepsy and in fact, could induce other
neurological issues such as developmental malformation-associated deficits in learning and
memory. The freeze-lesion model used in these studies, in fact, has been found to impair the
speed of auditory processing in rats and mice, a phenomenon associated with an elevated
incidence of developmental dyslexia in humans (Threlkeld et al. 2007). SS-interneurons, and
potentially also PV interneurons, functioning in such a vastly different way in malformed cortex,
could potentially underlie such behavioral maldevelopment; therefore, elucidating these cellular
mechanisms will offer insight into how secondary neurological abnormalities can arise, as well
as provide means to potentially ameliorate the associated intractable epilepsy.
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Evaluating LTS/SS in PMR with Channelrhodopsin2
Performing the freeze-lesion surgery in animals bred to express ChR2 or Arch
specifically on their SS-containing cells, bearing in mind the 6-10% chance of ChR2 expression
in PV-expressing cells (Hu et al. 2013), allowed us to selectively manipulate SS interneurons and
observe that SS interneurons do seem to be more powerful modulators of layer V pyramidal
neurons within PMR compared to control cortex. Evoked IPSCs recorded from layer V
pyramidal neurons by the application of stimulating blue light were profoundly and consistently
larger in PMR than those evoked in control. Given the robustness of this effect, studies
performed after were expected to follow suit. However, the application of blue light during
electrical-evocation of IPSCs, compared to IPSCs evoked with electrical alone, had interesting
results. For these experiments, EPSC blockers were in bath solution, so while the electrical
component was stimulating all cells in its vicinity, recordings from pyramidal neurons would
only supply us with effects of inhibitory interneurons. In control pyramidal cells, electricallyevoked and electrical plus bLED-evoked IPSCs were not different; this is likely because SS/LTS
interneurons are weaker in control cortex (Figure 1.1). bLED activation of them would not evoke
in inhibitory response large enough to interfere with the electrically-evoked response. In PMR
pyramidal cells, we believe that upon addition of more cells, electrical plus bLED will cause
smaller responses than those caused by electrical alone. If the electrical component is truly
activating all neurons in the vicinity, then this response demonstrates disinhibition. It is
important to remember that cortical networks comprise many different interactive cell types. In
this case, let us minimize to a three neuron circuit containing an SS/LTS interneuron, an FS/PV
interneuron, and an excitatory pyramidal neuron (visualized in Figure 4.1). The pyramidal
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neuron is receiving input from both LTS and FS. Even though FS population density in layer V
is theoretically reduced, some FS remains and will function accordingly, albeit to a lesser
collective degree. The FS synapsing onto the pyramidal neuron is receiving input itself from LTS
(Gibson et al. 1999). Therefore, selective stimulation of LTS by bLED will inhibit both
pyramidal and FS cells. When compared to an electrically-evoked IPSC, the inhibition of an
inhibitory source (disinhibition) will, in this case, look like a smaller IPSC. This is supported by
Figure 3.11D and E. Comparing control electrical plus bLED to the same in PMR suggests the
possibility for smaller IPSCs in PMR pyramidal neurons. If the control data did comprise highest
possible evoked IPSC peak (since bLED did not impart any reducing effect), then the only way
for PMR values to be smaller is if PMR LTS interneurons are more powerful here. Following
electrical activation, SS interneurons were still able to be activated, and were, by bLED. Their
activation caused the relief of FS inhibition onto the patched pyramidal neuron, thereby reducing
the amount of evoked IPSC to levels even smaller than those evoked in control (this is a pattern;
not statistically significant; Figure 3.13E), wherein all cells are being activated without
additional influence by LTS.
Disinhibition was also demonstrated in the performed field potential studies. The effect
of bLED on the excitatory field was less in PMR than it was in controls. This seems backwards
at first, particularly since bLED produces larger IPSCs in PMR pyramidal neurons, compared to
controls (Figure 3.6). Intuitively, we expected application of bLED to suppress the electricallyevoked excitatory field potential in PMR, as it occurred in the control slice. As summarized
above, however, LTS synapse onto FS interneurons as well as onto pyramidal neurons, so given
their stronger influence in PMR (Figure 1.1), these cells may have increased their output onto
FS, resulting in strong disinhibition. This causes increased network excitation by way of
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electrically-stimulated pyramidal cell responsiveness overcoming the inhibition they are now
receiving from just LTS interneurons alone.
Studies wherein bLED stimulation was applied at varying distances from the patched
pyramidal cell reveal some interesting information about LTS distribution in PMR versus control
cortex. The experiments comprised moving bLED stimulation horizontally within layer V, at
lateral distances of 200 µm and 400 µm. Stimulation at these lateral distances significantly
reduced the amplitude of IPSCs evoked in PMR. The percent of reduction appears to be greater
for mid-level intensities than high intensities in control cells. In PMR, even high intensity
stimulation at distant application sites does not produce an IPSC similar to that observed by
bLED application directly over the neuron. Decreases in IPSC amplitudes in this manner are
expected as the horizontal distance between recorded neuron and location of stimulation
increases. This is because SS interneurons are typically intracolumnar (a column has a width of
~ 0.4 mm). The fact that this horizontal distance over which the SS-evoked IPSC can be
produced is not greater in PMR than in control suggests that in PMR, the SS interneurons remain
intracolumnar. In addition, it suggests that the increased output that the SS interneurons have in
PMR cortex does not come from a horizontal spread of their axons.
At least some SS interneurons in layer II/III project to layer V and vice versa, so we
expected to see some IPSC activity in layer V pyramidal neurons following bLED stimulation in
layer II/III. We have established in this work that SS interneurons are more active within layer V
PMR (Figure 3.6). As we know, SS interneurons orient their arbors vertically, within columns
(Markram et al. 2004). The horizontal studies discussed above, demonstrate that SS interneurons
remain intracolumnar, so these vertical-stimulation data should reveal information about their
intracolumnar influence as it may be altered between control and PMR. And it does: when
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comparing control and PMR for the conditions of layer V and layer II/III bLED stimulation, we
believe that these non-significant data suggest a difference in the interaction between group and
condition, signifying that effects may be greater in layer V than they are in layer II/III.
Additional comparison between IPSCs evoked by layer II/III stimulation in control versus PMR
indicates that the two groups are not different in this parameter. This confirms that the effects
seen in layer V are due to increased output by SS interneurons also in layer V as compared to
output from layer II/III. These data are supported in part by studies published in 2010, wherein
inhibitory input was increased in a region-specific manner in pyramidal cells in FL cortex, with
layer V being more severely affected than layer II/III (Brill and Huguenard, 2010)

Evaluating LTS/SS in PMR with Archaerhodopsin
The included Arch study, which evaluated the effect SS/LTS silencing has on
spontaneous IPSCs, showed that the removal of SS-mediated inhibition does not impact the
frequency of spontaneous inhibitory events. There are a few concerns with these data. It is
possible that cellular activity under these conditions was too low for us to properly observe an
effect (aCSF, as previously described; bath heated to 32˚C; APV and DNQX). Given the
frequency of IPSCs in the recordings, 1-2 Hz (one to two events per second), and the length of
time per recording period (six seconds; two second pre-light, two seconds with yLED, and two
seconds post-light), it would be difficult to ascertain if a reduction was truly taking place.
Additionally, the induction of an IPSC event in a pyramidal neuron, under these conditions,
would be from FS and LTS interneurons. These two cells create synapses onto different parts of
postsynaptic neurons: FS interneurons synapse onto a neuron’s soma, while LTS forms synapses
onto neuron dendrites (Figure 4.1; Markram et al. 2004). This is important to consider when
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establishing from where the bulk of IPSC in postsynaptic neurons comes from. All recordings
took place within the pyramidal soma, so inhibitory events evoked by SS interneurons would
have decayed by the time they propagate to soma from the dendrite. Because of this, the majority
of recorded events would have been caused by FS cells and thusly, given the frequency level, too
few of the events would have been evoked by LTS. Silencing them with yLED, would not yield
a large reduction at this frequency.
To address this, we could lengthen the recording period. For example, if yLED silencing
of SS-Arch interneurons evoked a 10% reduction in total IPSC frequency, then even if the
frequency remained at 1-2 Hz, lengthening the recording period to 30 seconds pre-light, 30
seconds with light, and 30 seconds post-light would theoretically give more events evoked by
LTS interneurons, to be potentially silenced upon exposure with yLED.
We could also modify the recording conditions to increase network activity, and therefore
raise event frequency. This can be done by altering the concentrations of potassium ions,
chloride, and/or magnesium ions in extracellular aCSF bath solution (3.5 mM K+ , 1.2 mM Ca+,
and 1.0 mM Mg+ used in these experiments), increasing the temperature to cause neurons to
become more active, or even by adding a small concentration of gabazine. Gabazine, a GABAA
antagonist, could be used at low levels to lessen inhibition resulting in a more active
environment. Of course, it seems counter-intuitive to use an inhibitory event blocker when
attempting to record inhibitory events, but at low enough concentrations, gabazine would modify
network activity enough to promote the induction of spontaneous IPSCs, which would enable us
to see any potential effects the silencing of SS/LTS interneurons might have on them.
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Summary and future directions
To conclude, these series of ex vivo experiments revealed that LTS interneurons do
impart a greater modulatory effect in layer V PMR cortex, as compared to control. This influence
is not experienced exclusively by excitatory principle neurons, but by inhibitory interneurons as
well, causing phenomena like increased disinhibition to occur upon selective, and noninvasive
activation with light. Optogenetics enabled us to study these cells directly and with minimal
disruption of neighboring cell types.
To quickly address the low n used within each group, it is important note that these
studies are largely preliminary and were performed for the first time in the lab this past year,
therefore problems with data collection and analysis prevented included groups from being too
large. For the purposes of discussion and concept development, especially in regard to future
directions, certain non-significant groups were not disregarded (due to low n). Still, the fact that
statistical analyses of much of the included data read as significant, suggests that upon the
addition of more cells, we would potentially see more strong differences.
Future studies, beyond ones mentioned in this work, could involve evaluation of the
effect SS/LTS interneuron activation might have on electrically-evoked EPSCs recorded from
layer V PMR pyramidal cells, as compared to control. It would be interesting to see if
disinhibition comes into play under these conditions as well. Some preliminary evoked-EPSC
experiments were performed previously. Protocol was the same used for evoked-IPSC data, but
bath solution did not contain any EPSC-blocking agents. At higher electrical-intensities, there
was a problem with the induction of action potentials, which confounded the sought information
regarding EPSCs as they might be changed upon exposure with light. This can be addressed with
the addition of QX-314, a sodium channel blocker.
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It is possible to breed mice with optogenetic channels on PV/FS interneurons as well.
Performing experiments wherein PV-ChR2 and PV-Arch mice are used would reveal even more
information about PV interneuron functioning and how it might change in malformed cortex,
especially given the amassed evidence suggesting LTS over-activity in layer V PMR.
Given previous implications of SS/LTS interneuron epileptiform activity-promoting
alterations in PMR cortex, in SS-ChR2 tissue, bLED-alone stimulation intensity series was
employed to assess whether it was possible to not only induce epileptiform discharges
electrically, but with selective SS interneuron activation (bath contained 0.02 mM gabazine).
Shown is the all-or-none ictal-like response as induced by two millisecond durations of bLED
(Figure 4.2). This is the first biological example of SS/LTS activation causing epileptiform
activity this lab has demonstrated in this model; however, this was only performed in PMR
tissue. Upon continuation of these studies, this experiment should be replicated in control tissue
to demonstrate whether the activation of SS interneurons truly is sufficient to initiate
epileptiform activity within PMR.
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